In this proposal, a cost-effective energy harvesting and management system have been proposed. The regular power keeps around 200 Watt while the peak power can reach 300 Watt. The cost of this system satisfies the requirements and budget for residents in the rural area and live off-grid. It could be a potential solution to the global energy crisis, particularly the billions of people living in severe energy poverty. Also, it is an important renewable alternative to conventional fossil fuel electricity generation not only the cost of manufacturing is low and high efficiency, but also it is safe and eco-friendly.
I. INTRODUCTION OF THE "DYNAMIC ENERGY BEACON"
FTER the 2nd Industrial Revolution, human being enters into The Electrical Era. The Electrical Generator, Stations, and Power Grid gradually emerge afterward. About one hundred years later, the invention of Integrated Circuit and World Wide Web bring us to a new stage of Information Age. The Intelligent hardware is connected via Cloud nowadays and make a Big Data World. People are enjoying the convenience of the above modern civilization.
However, there are still some areas on earth that are falling behind. According to the related reports, there are more than 3 billion people around the world are suffering from a shortage of energy, which 1/3 of them are living without power grids [1] . Their living quality, including health, education productivity and the connection with modern communities, are drastically affected. The effective solutions, which combine innovative technology and reliable products, should be addressed to these urgent and severe issues [2] . This is Dynamic Energy Beacon, a group of students from HKUST and HFUT, proposed a household level energy harvesting, regulation, operation, and storage system, with the economic viability and environmental sustainability. It consists of the following components: The Front-end Solar Panels for Energy harvesting. The central Power Management Integrated Circuits attached to the cells for electricity regulation. The Lead storage batteries are equipped as the Energy storage and the backup supply during the night. The corresponding loading applications are DC: lighting equipment (LED), as well as other AC household or consumer electronics via Inverter(s). The system diagram is shown in Fig. 1 .
A. Front-end Solar Panel
There are various types of photovoltaic materials to choose from as the solar cells. Most of them have high efficiency, while silicon solar cells are the most appropriate one with the longtime commercial application [2] [3] . Recently, high-performance multi-crystalline silicon (HP mc-Si) solar cells are reported with 21.9% efficiency, which has achieved what we need [4] [5] . Under the standard spectrum (AM1.5G), 1 kW/m 2 is given to solar panels and approximate 1.3 m 2 MC-Si made solar cells will provide 1000 Wh/day or 200 W peak power in high energy use family.
Another exhilarating news is that cost in the last few years have come down by a very good margin which becomes a big reason for the reduced cost of multi-crystalline solar panels. Multi-crystalline solar panels cost per 100 watts was about 40 USD now, which means that 72 panels with 300w outputting just cost as little as 120 USD [6] . In this condition, it is possible to purchase an integrated solar module under 1500 USD, which is the budget of the target audience [1] . Not only the low price but also the outstanding efficiency of the cloudy days compared with the single-crystalline solar panels, making it a large share in the market.
Optical losses chiefly affect the power of a solar cell [7] . Anti-reflection coating, surface texturing and surface passivation layers are some regular technologies to reduce optical losses and promote efficiency [8] .
A regular nano-cone PDMS array can be applied on the front, which provides the functions of water-repellent and selfcleaning to the device. The structure of the nano-cone PDMS antireflection array has a depth and opening width of 1 µm (aspect ratio of 1), which effectively affects the lightharvesting capacity of solar cell devices [9] . Moreover, a drop of water is on the film with a static contact angle of 152 • and roll-off angle of 15 • . If the dust or particles adhere to the panels, it will be flushed by rain easily just like the lotus leaves. This super-hydrophobicity adds the self-cleaning ability to the photovoltaic devices. The surface also has good mechanical properties, remaining more than 90% of the initial value even after 200 mechanical bending cycles [10] . The corresponding figures are shown in the following Fig. 2 . As for the production process, the low pressure and temperature thermal oxidation process could be an efficient way to increase the efficiency of the multi-crystalline silicon solar cells [10] .
By deploying the above-advanced processing technologies, the solar module has a service life of more than ten years and it is working normally from -40 • C to 85 • C. More detailed parameters can be found in the Appendix.
B. Power Management ICs for the Electricity Regulation
According to the diverse characteristics of different sunlight cases and loading conditions, a dedicated Power Management Integrated Circuit (PMIC) has been proposed for the whole Dynamic Energy Beacon system. The prototype of this product is from [11] . The PMIC basically is a boost inductive DC-DC converter consists of the large power transistors, an off-chip inductor, an output capacitor and the control stage, the low power digital circuits to define the operation modes.
The converter is equipped with the feedback ability to clamp the Photo-voltaic cells to the optimized point where the maximum solar power is delivered. Meanwhile, the DC-DC converter, which sources the energy from the PV Cell, also provides a stabilized output power to the loading circuits or systems. Furthermore, the additional digital logics will help the scheduling of energy utilization among different front-end power sources and back-end electronics.
If the external power is sufficient and relatively constant, the PWM (Pulse Width Modulation) mode will be activated which the PMIC will not only do the power regulation but also the charging work to the backup battery. If the power from the solar panel is not enough, then the converter will enter into the PFM (Pulse Frequency Modulation) mode, and not only keep on sourcing the power from the source, but also absorb the power from the backup battery, as well as the management of loadings to prolong the lifespan of the overall system. These two modes are shown in Fig. 3 . When the PMIC is working, it can adjust its input impedance through tuning the switching clock frequency. The power is then delivered to the loading applications directly, or to a rechargeable backup battery for the night or emergency use. The details of the IC, simulation/measurement results, and table of specifications can be found in the Appendix.
For safety reasons, an overvoltage protection (OVP) and over-temperature protection (OTP) function are built into the I/O pins of the energy source as well as the interfaces of the PMIC and other parts. In conclusion, the PMIC acts as a good power manager connecting the Front-end Solar panel, Energy Storage and loadings for long-term use.
C. Energy Storage for Backup use
Valve-regulated lead-acid battery (VRLA battery) can be considered as the energy storage of solar cell modules. According to the off-the-grid system and climate conditions in specific areas, VRLA can be packaged into sealed boxes, buried underground and connected with other modules via cables. In such a solution, it could be quite area-saving and safe for users, as well as fewer requirements for maintenance. The parameters of the standard VRLA battery [12] can be found in the Appendix.
D. Power Inverters for DC/AC conversion
The general power system consists of power plants, transmission links, power transformation links, distribution links, and power users. Due to regional reasons, power generation is sometimes far away from power users the substation and distribution links that are often accompanied by loss of energy and huge losses are very important.
There are many advantages to using Power Inverter. First, it is convenient to converts DC power into AC types of power. Second, the DC transmission amount of energy is around 1.5 times of that in AC. Last but not least, the Eddy current of AC cables can be drastically decreased when using DC transmission, which means the improvement of power quality. This comparison of DC and AC powering is shown on the right-hand side Table I . 
E. Packaging Technology
The packaging technology has been scaled down from macro PTH (Pin Through Hole) to SMT (Surface Mount Technology) [13] to AAP (Area Array Package) [14] [15] . The characteristics and comparison among these 3 generations are shown in the following Table II . Regarding the realistic cost and quality requirement of our Dynamic Energy Beacon system, the mature SMT can be applied to attach the Power Management IC Chips onto the backside of Solar Panels. 
II. HIGHLIGHTS OF THE SYSTEM

A. Impact Highlights
Our product is focusing on Track 1A, which is basically a solar home system dedicated to single-family use at the Tier 2 level without creating other redundant infrastructure in advance when it is needed.
It is quite easy to use which the solar panels are supposed to be installed on the roof or the side-walls wherever the sunlight can be sufficiently absorbed, the Power manager Chips are attached to the panel for the precise regulation and management, the VRLA batteries are safely buried underneath while a few cables are used to connecting every module into a whole system.
Compared with the conventional off-grid energy system, the main difference is replacing the Macro bulky controller with the Micro Integrated Circuits. Not only the volume is drastically decreased, but also the safety and long-term use are assured. For example, it is troublesome and difficult to fix when the traditional controller is not working, which leads to the whole system shutting down. If only one or two chips fail, the rest of them can still work properly, and all the necessary maintenance is to replace the failure chips with inserting new ones, which is quite easy for users. Besides, the advanced processing technologies of the Solar cell can drastically improve the light absorption and energy conversion ratio, as well as prolong the lifetime of the whole panel.
The whole system of Dynamic Energy Beacon is equipped with user-friendly property: The installation of Solar panels is quite easy without any sophisticated skills, just open the panels and fix them with screws. The Power management ICs are attached to the backside of the Solar panel, which the output power can be delivered through cables to either the indoor equipment/power inverters, but also outdoor lead batteries. What's more, the bulky batteries can be either put indoor or buried underground freely by users as well. Last but not least, customers can define the combination of above all the components as they wish, to satisfy the actual needs.
The total cost of one system is around 240 USD and once it is installed, it can function well for around 3-5 years at least. It is affordable and less than 1/5 of the whole budget, if we take 3 years budget into consideration, to the target audience living in particular areas. Besides, it is portable since the aforementioned 3 major components are not that bulky. It is easy for users to bring and re-install whenever they need to migrate from one place to another.
B. Technical Highlights
Due to the multiple solar cells used, the peaking power absorbed externally can reach 600 W, and normally output around 400 W. Taking the energy loss of conversion and the efficiency of Power management Chips, still, we can assure around 200-300 W electricity power delivered to the household equipment. Since most energy is from the daytime sunlight, which may last around 6 -10 hours on average, the total power absorbed can be around 1.8KWh to 3KWh. It is enough for both day and night use for a single-family.
The expandability of the product is obvious, which means we can sourcing more energy by simply adding and plugin more solar panels and batteries. The use of the whole system is quite easy without much more advanced knowledge or training. The localization and distributed properties make it easily spread.
C. Business Highlights
There are some similar products existing on the market: Hanergy Thin Film Power [16] and Indoor mini generator. The detailed comparison of them and Dynamic Energy Beacon are as follow Table III:   TABLE III  COMPARISON WITH EXISTING PRODUCTS ON THE MARKET. The potential customer can be divided into 2 channels, with respect to the basic and advanced version of our products.
1) Basic Version: Targeting to single-family in energy poverty areas. Each block is 2m 2 which consists of 2 pieces of Solar panels, attached power management ICs, power inverter, and 2 large volume lead batteries. It can provide 300W at peak time, which is mainly for simple daily household electric appliances, as well as the evening lighting requirements.
2) Advanced Version: Targeting public facilities and government offices. Larger block sizes with more components included. At most 2.5kW power can be provided per 20m 2 . Apart from components in 1), the high-performance illuminating coating materials [23] [24], as indicated in Fig. 4 can be applied to some public areas such as stair landings, exit passages or underground tunnels. Only a few LEDs can be the light source, and duration of illumination can last more than 10 hours.
The price for the whole system is 240 USD per set for the Basic version. The detailed costs are shown in Table IV.   TABLE IV  THE COSTS OF ALL THE COMPONENTS AND LIFETIME. We will focus on the selling of Advanced versions at the beginning, which is customized according to the requirements from the government, public facilities and major companies at the target area. The price will be negotiable, with special discount or add-value service provided, to reach the win-win to both parties. After the market opening from high-end customers, the sells of Basic version will spread among individual local residents or families. Due to the low population density in particular areas, say, for example, 20-1000 per community, a special offer with 10% discount or free installation tutorial can be applied to accumulate the original users.
With the selling at 2 parallel channels, the revenue is from 2.4K USD to 120K USD for the first year. While with the promotion from ourselves, the collaborators, as well as the users themselves, our revenue would be drastically increased soon. The major expenditure is fabrication, logistics, and local sales. The Initial Capital would be around 100K USD for the first year. When the project goes to the second year, it could reach our break-even date and start profiting from the 3rd year. The details can be found in Fig. 10 in the Appendix.
The potential collaborator and investors, which are summarized in Table VII in the Appendix, can be Huawei [17] , China Electronic Systems Technology Corporation [18], GLOBAL FOUNDRIES [19] , Renewit [20] , All Solar [21] , Power-Solution [22] and DHL, TNT Express, also the local governments and communities for their subsidy and promotion. Besides, above all are only the features of the First generation of our products. With more advanced and iterated technologies, later on, the upgrading about improving the conversion efficiency by increasing the Transmittance, hybrid combination of Multi-crystalline Si and Single-crystalline Si adaptive to the weather condition, enhancement of peak power as well as the multi-function by optimization of Power Management ICs, will be conducted on a regular of 2 years.
III. PROPOSED FIELD TESTING PLAN 1) Identification of Target Community:
The target community which we will choose is the remote village in Yunnan Province, China. There are many optional places [25] [26] [27] in China that are corresponding to the power purchasing requirement. The detailed comparison of them will be given in the following Table V , and the reasons for our decision are: The latitude and average temperature of Xishuangbanna are most similar to those of Africa. PCDI is the lowest one of the three cities. With high temperatures and a large amount of rain, the tropical rainforest climate here is a typical match. Taking these into consideration, the late Spring and early Summer will be a good time to possess field tests in Xishuangbanna.
2) Field Testing Plan and Schedule: Combining our product and the local conditions, we propose a detailed plan which could be efficiently carried out in the following Table  VI . 
3) Field Test Goals and Evaluation Criterion:
In this field test, our goals including two aspects. One is learning the performance of our product in practical situations so that we can improve it targeted. Another one is finding out the attitude of people living in a remote area towards our product, then we could learn their actual needs and the prospect of product. During the survey time, we can learn about the needs of local people on power usage. And the running data of our system can be collected in the testing period. Lastly, in the feedback round, we will know our product is welcome or not among target homes. To evaluate our goals, we could judge the performance from data collected by the DAQ system and the error reports from target homes. If the whole system works normally most of the time and the error reports are less, we could consider our system having the ability to work in practical situations. And if most of the target homes are willing to purchase our system, it proves the product having commercial potential.
4) Statement of Risks:
To avoid the possible extreme weather such as typhoons, we choose Yunnan Xishuangbanna which is an inland city. In order to get more similar data as Africa, we will arrange our field test to be carried out in early summer so that the sunlight condition and temperature are proper. As for the avoidance of the risk of product, we will fix the solar panel tightly and high enough and the equipment of electric cables will be carefully designed.
IV. CONCLUSION
By integrating high-efficiency Solar panels, Power management ICs, Lead batteries, and Inverters with mature packaging technology, the "Dynamic Energy Beacon", a costeffective Energy harvesting and power management system, has been proposed. After several primary measurements of prototypes, the estimated output electricity power keeps around 200W (Peak at 300W). It could be a potential solution to the billions of people living in severe energy poverty. The cost of this system satisfies the requirements and budget. Besides, it is an innovative renewable alternative to conventional fossil fuel not only the prices of all the modules, packaging and installation are low, but also it is safe and Eco-friendly.
V. APPENDIX
The group members are postgraduate and undergraduate students from The Hong Kong University of Science and Technology (HKUST) and Hefei University of Technology (HFUT) respectively.
The workload is distributed as follows: Nan XU is the team leader, and responsible for the whole idea, as well as the team member recruitment, testing of Power Management ICs and the final proposal integration. Xiao QIU is responsible for the investigation of the front-end solar cell/panel. Bo XU is responsible for the design of the proposed DC-DC converter, simulation, debug, Packaging investigation and Field testing plan. Junyuan SHU is responsible for the review of power inverter part for the DC/AC conversion and Measurement of Solar cell samples. Ka Ho WAN is responsible for the market and business plan drafting.
The corresponding figures and tables are on the next page.
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